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NANO-STRUCTURED ANODE 
COMPOSITIONS FOR LITHIUM METAL AND 

LITHIUM METAL-AIR SECONDARY 
BATTERIES 

FIELD OF THE INVENTION 

The present invention provides a nano-structured material 
composition for use as an anode material in a secondary or 
rechargeable battery, particularly lithium metal battery and 
lithium metal-air battery. 

BACKGROUND 

The description of prior art Will be primarily based on the 
references listed beloW: 
List of References 
1. D. L. Foster, “Separator for lithium batteries and lithium 

batteries including the separator,” US. Pat. No. 4,812,375, 
Mar. 14, 1989. 

2. D. H. Shen, et al. “Dendrite preventing separator for sec 
ondary lithium batteries,” US. Pat. No. 5,427,872, Jun. 27, 
1995. 

3. F. Goebel, et al., “Getter Electrodes and Improved Electro 
chemical Cell Containing the Same,” US. Pat. No. 5,006, 
428 (Apr. 9, 1991). 

4. D. Fauteux, et al., “Secondary Electrolytic Cell and Elec 
trolytic Process,” US. Pat. No. 5,434,021 (Jul. 18, 1995). 

5. M. Alamgir, et al. “Solid polymer electrolyte batteries 
containing metallocenes,” US. Pat. No. 5,536,599, Jul. 16, 
1996. 

6. S. KaWakami, et al., “Secondary batteries,” US. Pat. No. 
5,824,434, Oct. 20, 1998. 

7. S. KaWakami, et al., “High energy density secondary bat 
tery for repeated use,” US. Pat. No. 6,395,423, May 28, 
2000. 

8. S. KaWakami, et al., “Rechargeable batteries,” US. Pat. 
No. 6,596,432, Jul. 22, 2003. 

9. Z. Zhang, “Separator for a high energy rechargeable 
lithium battery,” US. Pat. No. 6,432,586, Aug. 13, 2002. 

10. T. A. Skotheim, “Stabilized Anode for Lithium-Polymer 
Battery,” US. Pat. No. 5,648,187 (Jul. 15, 1997); US. Pat. 
No. 5,961,672 (Oct. 5, 1999). 

11. Q. Ying, et al., “Protective Coating for Separators for 
Electrochemical Cells,” US. Pat. No. 6,194,098 (Feb. 27, 
2001). 

12. T. A. Skotheim, et al. “Lithium Anodes for Electrochemi 
cal Cells,” US. Pat. No. 6,733,924 (May 11, 2004); US. 
Pat. No. 6,797,428 (Sep. 28, 2004); US. Pat. No. 6,936, 
381 (Aug. 30, 2005); and US. Pat. No. 7,247,408 (Jul. 24, 
2007). 

13. E. M. Shembel, et al., “Non-aqueous Electrolytes Based 
on Organosilicon Ammonium Derivatives for High-En 
ergy PoWer Sources,” US. Pat. No. 6,803,152 (Oct. 12, 
2004). 

14. H. Kim, et al., “Non-aqueous Electrolyte and Lithium 
Battery Using the Same,” US. Pat. No. 7,244,531 (Jul. 17, 
2007). 

15.Y. S. Nimon, et al., “Dioxolane as a Protector for Lithium 
Electrodes,” US. Pat. No. 6,225,002 (May 1, 2001). 

16.Y. S. Nimon, et al., “Methods and Reagents for Enhancing 
the Cycling E?iciency of Lithium Polymer Batteries,” US. 
Pat. No. 6,017,651 (Jan. 25, 2000); US. Pat. No. 6,165,644 
(Dec. 26, 2000); and US. Pat. No. 6,537,701 (Mar. 25, 
2003). 

17. S. J. Visco, et al., “Protective Coatings for Negative Elec 
trodes,” US. Pat. No. 6,025,094 (Feb. 15, 2000). 
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18. S. J. Visco, et al., “Protected Active Metal Electrode and 

Battery Cell Structures With Non-aqueous lnterlayer 
Architecture,” US. Pat. No. 7,282,295 (Oct. 16, 2007); 
US. Pat. No. 7,282,296 (Oct. 16,2007); and US. Pat. No. 
7,282,302 (Oct. 16, 2007). 

19. B. T. Dover, et al, “Alkali Metal Dispersions,” US. Pat. 
No. 5,776,369 (Jul. 7, 1998). 

20. B. T. Dover, et al “Stabilized Lithium Metal PoWder for 
Lithium Ion Application, Compositions, and Processes,” 
US. Pat. No. 7,588,623 (Sep. 15, 2009). 

21 . M. Yakovleva, et al. “Stabilized Lithium Metal PoWder for 
Lithium Ion Applications, Compositions, and Processes,” 
US Pat Pub. No. 2009/0035663 (Feb. 5, 2009). 

22. M. Yakovleva, et al. “Stabilized Lithium Metal PoWder for 
Lithium Ion Applications, Compositions, and Processes,” 
US Pat Pub. No. 2009/0061321 (Mar. 5, 2009). 

23. A. J. Bhattacharyya and J. Maier, “Non-aqueous Electro 
lyte for Use in a Battery,” US. patent application Ser. No. 
10/919,959 (Aug. 6, 2004). 

24. D. J. Burton, et al, “Method of Depositing Silicon on 
Carbon Materials and Forming an Anode for Use in 
Lithium Ion Batteries,” US Pub No. 2008/0261116 (Oct. 
23, 2008). 

25. D. W. Firsich, “Silicon-Modi?ed Nano?ber Paper As an 
Anode Material for a Lithium Ion Battery,” US Patent 
Publication 2009/0068553 (Mar. 23, 2009). 

26. Aruna Zhamu and Bor Z. Jang, “Hybrid Nano Filament 
Anode Compositions for Lithium Ion Batteries,” US. 
patent application Ser. No. 12/006,209 (Jan. 2, 2008). 

27. Aruna Zhamu and Bor Z. Jang, “Hybrid Nano Filament 
Cathode Compositions for Lithium Ion and Lithium Metal 
Batteries,” US. patent application Ser. No. 12/009,259 
(Jan. 18, 2008). 

Lithium Metal Secondary Batteries: 

Lithium-ion, lithium (Li) metal, and Li metal-air batteries 
are considered promising poWer sources for electric vehicle 
(EV), hybrid electric vehicle (HEV), and portable electronic 
devices, such as lap-top computers and mobile phones. 
Lithium metal has the highest capacity (3,861 mAh/ g) com 
pared to any other metal or metal-intercalated compound 
(except Li4_4Si) as an anode active material. Hence, Li metal 
and Li-air batteries have a signi?cantly higher energy density 
and poWer density than lithium ion batteries. 

Historically, rechargeable lithium metal batteries Were pro 
duced using non-lithiated compounds having high speci?c 
capacities, such as TiS2, MoS2, MnO2, CoO2 andV2O5, as the 
cathode active materials, Which Were coupled With a lithium 
metal anode. When the battery Was discharged, lithium ions 
Were transferred from the lithium metal anode to the cathode 
through the electrolyte and the cathode became lithiated. 
Unfortunately, upon cycling, the lithium metal resulted in the 
formation of dendrites that ultimately caused unsafe condi 
tions in the battery. As a result, the production of these types 
of secondary batteries Was stopped in the early 1990’s giving 
Ways to lithium-ion batteries. 

Even noW, cycling stability and safety concerns remain the 
primary factors preventing the further commercialization of 
Li metal batteries for EV, HEV, and microelectronic device 
applications. Speci?c cyclic stability and safety issues of 
lithium metal rechargeable batteries are primarily related to 
the high tendency for Li to form dendrite structures during 
repeated charge-discharge cycles or an overcharge, leading to 
internal electrical shorting and thermal runaWay. 
Many attempts have been made to address the dendrite 

related issues, as summarized beloW: 
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Foster [Ref 1] proposed a multilayer separator that 
included a porous membrane and an electro-active polymeric 
material contained Within the separator materials. The poly 
mer is capable of reacting With any lithium dendrite that 
might penetrate the separator, thus preventing the groWth of 
dendrites from the anode to cathode that otherWise Would 
cause internal shorting. 

In a technically similar fashion, Shen, et al. [Ref 2], used 
a non-reactive ?rst porous separator (e.g., porous polypropy 
lene) adjacent to the lithium anode and a second ?uoro 
polymer separator betWeen the cathode and the ?rst separator. 
The second separator (e.g., polytetra?uoro ethylene) is reac 
tive With lithium. As the tip of a lithium dendrite comes into 
contact With the second separator, an exothermic reaction 
occurs locally betWeen the lithium dendrite and the ?uoro 
polymer separator, resulting in the prevention of the dendrite 
propagation to the cathode. 

Goebel, et al. [Ref 3], proposed a “getter” electrode posi 
tioned betWeen the anode and the cathode and Was separated 
from the cathode and anode by ?berglass paper separators. 
The getter layer, composed of carbon or graphite material 
disposed on surfaces of these separators, serves as a loW 
capacity cathode that quickly discharges any Li dendrite that 
comes in contact With the getter layer. 

Fauteux, et al. [Ref 4], applied to a metal anode a protec 
tive surface layer (e.g., a mixture of polynuclear aromatic and 
polyethylene oxide) that enables transfer of metal ions from 
the metal anode to the electrolyte and back. The surface layer 
is also electronically conductive so that the ions Will be uni 
formly attracted back onto the metal anode during elec 
trodeposition. 

Alamgir, et al. [Ref 5], used ferrocenes to prevent chemi 
cal overcharge and dendrite formation in a solid polymer 
electrolyte-based rechargeable battery. 

KaWakami, et al. [Ref 6], observed that internal shorting 
could be prevented by using a multi-layered metal oxide ?lm 
as a separator With small apertures through Which lithium 
ions can pass and the groWth of dendrites can be inhibited. 
KaWakami, et al. [Ref 7], further suggested that the use of a 
?rst thin-?lm coating on the anode and a second thin ?lm 
coating on the cathode, With both coatings permeable to 
lithium ions, could be effective in preventing dendrite forma 
tion. The ?rst ?lm can contain a large ring compound, an 
aromatic hydrocarbon, a ?uoro-polymer, a glassy metal 
oxide, a cross-linked polymer, or a conductive poWder dis 
persion. HoWever, the dendrite-preventing mechanisms of 
these ?lms Were not clearly explained. KaWakami, et al. [Ref 
8], also found that some siZe mismatchbetWeen the anode and 
the cathode (With the anode being larger) seems to be effec 
tive in preventing dendrite formation. 

Zhang [Ref 9] disclosed a separator that is composed of a 
ceramic composite layer (to block dendrite groWth) and a 
polymer micro-porous layer (to block ionic ?oW betWeen the 
anode and cathode in the event of a thermal runaWay). 

Skotheim [Ref 10] provided a Li metal anode that Was 
stabiliZed against the dendrite formation by the use of a 
vacuum-evaporated thin ?lm of a Li ion-conducting polymer 
interposed betWeen the Li metal anode and the electrolyte. 
Ying, et al. [Ref 11], proposed a separator that comprises a 
micro-porous pseudo-boehmite layer and a polymer-based 
protective coating layer. It Was speculated that this separator 
had a small pore structure (10 um or less) and suf?cient 
mechanical strength to prevent the Li dendrite from contact 
ing the cathode and causing internal shorting. Skotheim, et al. 
[Ref 12], proposed a multilayer anode structure consisting of 
a Li metal-based ?rst layer, a second layer of a temporary 
protective metal (e. g., Cu, Mg, and Al), and a third layer that 
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4 
is composed of at least one layer (typically 2 or more layers) 
of a single ion-conducting glass, such as lithium silicate and 
lithium phosphate, or polymer. It is clear that such an anode 
active material, consisting of at least 3 or 4 layers, is too 
complex and too costly to make and use. 

Protective coatings for Li anodes, such as glassy surface 
layers of LiIiLi3PO4iP2S5, may be obtained from plasma 
assisted deposition [Ref 17]. Complex, multi-layer protec 
tive coatings Were also proposed by Visco, et al. [Ref 18]. 

Organic additives that Were used to stabiliZe the lithium 
anode active surface include (a) an organosilicon backbone 
With pyridinium groups bound to the backbone [Ref 13], (b) 
halogenated organic metal salts [Ref 14], and (c) dioxolane 
[Ref 15]. Nimon, et al. [Ref 16], developed methods and 
reagents for enhancing the cycling ef?ciency of lithium poly 
mer batteries. The methods entailed forming a protective 
layer (e.g., LiAlCl4.3SO4 and A1283) on the lithium metal 
anode surface through a reaction of electrolyte species With 
lithium metal. 

Despite these earlier efforts, no rechargeable Li metal bat 
teries have yet succeeded in the market place. This is likely 
due to the notion that these prior art approaches still have 
major de?ciencies. For instance, in several cases, the anode or 
electrolyte structures are too complex. In others, the materials 
are too costly or the processes for making these materials are 
too laborious or dif?cult. Clearly, an urgent need exists for a 
simpler, more cost-effective, and easier to implement 
approach to preventing Li metal dendrite-induced internal 
short circuit and thermal runaWay problems in Li metal bat 
teries and other rechargeable batteries. 

Lithium Ion Secondary Batteries: 

Parallel to these efforts and prompted by the aforemen 
tioned concerns over the safety of earlier lithium metal sec 
ondary batteries led to the development of lithium ion sec 
ondary batteries, in Which pure lithium metal sheet or ?lm 
Was replaced by carbonaceous materials as the anode. The 
carbonaceous material absorbs lithium (through intercalation 
of lithium ions or atoms betWeen graphene planes, for 
instance) and desorbs lithium ions during the re-charge and 
discharge phases, respectively, of the lithium ion battery 
operation. The carbonaceous material may comprise prima 
rily graphite that can be intercalated With lithium and the 
resulting graphite intercalation compound may be expressed 
as LixC6, Where x is typically less than 1 . In order to minimiZe 
the loss in energy density due to this replacement, x in LiXC6 
must be maximiZed and the irreversible capacity loss Q”, in 
the ?rst charge of the battery must be minimized. 
The maximum amount of lithium that can be reversibly 

intercalated into the interstices betWeen graphene planes of a 
perfect graphite crystal is generally believed to occur in a 
graphite intercalation compound represented by LixC6 (x:l), 
corresponding to a theoretical speci?c capacity of 372 mAh/ 
g. In other graphitiZed carbon materials than pure graphite 
crystals, there exists a certain amount of graphite crystallites 
dispersed in or bonded by an amorphous or disordered carbon 
matrix phase. The amorphous phase typically can store 
lithium to a speci?c capacity level higher than 372 mAh/ g, up 
to 700 mAh/g in some cases, although a speci?c capacity 
higher than 1,000 mAh/g has been sporadically reported. 
Hence, the magnitude of x in a carbonaceous material LiXC6 
varies With the proportion of graphite crystallites and can be 
manipulated by using different processing conditions. An 
amorphous carbon phase alone tends to exhibit a loW electri 
cal conductivity (high charge transfer resistance) and, hence, 
a high polarization or internal poWer loss. Conventional 
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amorphous carbon-based anode materials also tend to give 
rise to a high irreversible capacity. 

In addition to carbon- or graphite-based anode materials, 
other inorganic materials that have been evaluated for poten 
tial lithium ion anode applications include metal oxides, 
metal nitrides, metal sul?des, and a range of metals, metal 
alloys, and intermetallic compounds that can accommodate 
lithium atoms/ions. In particular, lithium alloys having a 
composition formula of LiaA (A is a metal such as Al, and “a” 
satis?es 0<a§5 When the battery is fully charged) has been 
investigated as potential anode materials. This class of anode 
material has a higher theoretical capacity, e.g., Li4Si (3,829 
mAh/g), Li4_4Si (4,200 mAh/g), Li4_4Ge (1,623 mAh/g), 
Li4_4Sn (993 mAh/g), Li3Cd (715 mAh/g), Li3Sb (660 mAh/ 
g), Li4_4Pb (569 mAh/g), LiZn (410 mAh/g), and Li3Bi (385 
mAh/ g). HoWever, for the anodes composed of these materi 
als, pulveriZation (fragmentation of the alloy particles) pro 
ceeds With the progress of the charging and discharging 
cycles due to expansion and contraction of the anode during 
the absorption and desorption of the lithium ions. The expan 
sion and contraction also tend to result in reduction in or loss 
of particle-to-particle contacts or contacts betWeen the anode 
and its current collector. These adverse effects result in a 
signi?cantly shortened charge-discharge cycle life. 

To overcome the problems associated With such mechani 
cal degradation, composites composed of small, electro 
chemically active particles supported by less active or non 
active matrices have been proposed for use as an anode 
material. Examples of these active particles are Si, Sn, and 
SnO2. HoWever, most of prior art composite electrodes have 
de?ciencies in some Ways, e.g., in most cases, less than sat 
isfactory reversible capacity, poor cycling stability, high irre 
versible capacity, ineffectiveness in reducing the internal 
stress or strain during the lithium ion insertion and extraction 
cycles, and some undesirable side effects. 

Lithium Metal-Air Secondary Cells: 

Metal-air batteries are unique in that they make use of 
oxygen from the atmosphere as the cathode reactant. A cath 
ode active material is not required to be included in the cell 
because the oxygen consumed at the cathode is taken from the 
ambient. This feature alloWs metal-air cells to have extremely 
high energy densities. The metal With the highest operational 
voltage and greatest theoretical speci?c energy is lithium. 
HoWever, there have been tWo major issues associated With 
the construction of lithium-air cells. First, the utiliZation of an 
aqueous electrolyte has not been feasible due to corrosion of 
the lithium metal anode by Water. 

This issue Was addressed by Abraham and Jiang, US. Pat. 
No. 5,510,209, Who demonstrated a cell With a non-aqueous 
polymer separator consisting of a ?lm of polyacrylonitrile 
sWollen With electrolyte solution of propylene carbonate/ 
ethylene carbonate/LiPF6. This organic electrolyte mem 
brane Was sandWiched betWeen a lithium metal foil anode and 
a carbon composite cathode to form the lithium-air cell. The 
utiliZation of the organic electrolyte alloWed good perfor 
mance of the cell in an oxygen or dry air atmosphere. The 
cells Were reported to deliver a speci?c energy of 250-350 
Wh/kg, based on the mass of the electrodes and electrolytes 
but not including the mass of the envelope package. HoWever, 
this lithium-air cell Was plagued by a second issue: the capac 
ity Was limited by the formation of the Li2O discharge prod 
uct Which eventually blocked the pores of the carbon cathode, 
Which Was composed of graphite poWder supported by a 
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6 
nickel screen. Furthermore, lithium-air secondary cells are 
also subject to the same dendrite-related issues as lithium 
metal secondary cells. 

Highest Speci?c Capacity Anode Materials 

Most signi?cantly, lithium metal (including pure lithium, 
alloys of lithium With other metal elements, or lithium-con 
taining compounds) still provides the highest anode speci?c 
capacity as compared to essentially all anode active materials 
(except pure silicon, but silicon has pulveriZation issues dis 
cussed above). Lithium metal Would be an ideal anode mate 
rial in a lithium metal or lithium-air secondary battery if 
dendrite related issues could be addressed. 

In the present context, a lithium alloy or lithium-containing 
compound is a material that contains at least 20% by Weight 
of active lithium element (preferably at least 50%, more pref 
erably at least 60%, even more preferably greater than 90%, 
and most preferably greater than 98%). The non-lithium ele 
ments (e.g. ?uorine, Wax, hydrocarbon, oxide, etc coated on 
the surface of a lithium particle) Were incorporated to play a 
role of stabiliZing or de-activating lithium only. In other 
Words, they Were used to passivate (de-activate) the surface of 
lithium particles, or used in an alloy or compound form to 
reduce the open air activity of lithium so that lithium-based 
anodes can be easily handled in open air or in a real battery 
manufacturing environment. These non-lithium elements 
Were not used to host lithium, as opposed to the cases of using 
Si, Sn, and Ge as an anode active material in a lithium ion 
battery Wherein lithium is inserted into the lattice sites of Si, 
Sn, or Ge in a charged state. Preferably, only a minimal 
amount of these stabiliZing elements is used so that a maximal 
proportion of the anode material is lithium. 

It may be further noted that in both lithium-ion and lithium 
metal secondary batteries, it is lithium ions that run back and 
force betWeen the anode and the cathode. In a lithium-ion 
battery, those other elements of an anode active material, such 
as Si, Sn, and Ge, stay at the anode side to host lithium ions. 
Using pure Si as an example, the anode is free of lithium and 
the anode active material is 100% Si to begin With (before the 
?rst charging operation) because typically the needed lithium 
is stored in the cathode active material (e.g., lithiated cobalt 
oxide) When a cell is made. The anode active material 
becomes Li4_4Si When the anode is fully charged (With 
lithium ions supplied from the pre-lithiated cathode active 
material). In this case, Si is used to host lithium, not to 
stabiliZe or passivate lithium metal for improved open-air 
stability and handleability during cell manufacturing. Si 
atoms or ions did not get to shuttle back and force betWeen the 
anode and the cathode. In contrast, the instant application is 
concerned primarily With substantially pure lithium that is 
surface-passivated or slightly alloyed or reacted With other 
elements to increase the air stability for easy handling of the 
anode during cell manufacturing. Other anode active ele 
ments commonly used in a Li-ion battery, such as Sn and Ge, 
are not used to ho st lithium metal in the Li-metal battery of the 
instant application. (Similarly, the conductive nano-?laments 
used in the anode of the instant application, to be discussed in 
the next section, are intended for serving as a substrate on 
Which lithium Will be deposited as a coating after the ?rst 
charging operation and subsequent re-charges. Although 
some of the nano-?laments, such as carbon nano-?bers, can 
be intercalated by lithium ions, this intercalation is not a 
primary function of these nano-?laments.) 

Hence, an object of the present invention Was to provide a 
simple (not too complex), cost-effective, and easier-to-imple 
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ment approach to preventing Li metal dendrite-induced inter 
nal short circuit and thermal runaway problems in Li metal or 
Li-air batteries. 

Another object of the present invention Was to provide a 
nano-structured composition for use as a Li metal anode that 
is resistant to dendrite formation and provides a Li metal cell 
that exhibits a long and stable cycling response. 

Still another object of the present invention Was to provide 
a lithium metal cell that exhibits a high speci?c capacity, high 
speci?c energy, good resistance to dendrite formation, and a 
long and stable cycle life. 
A further object of the present invention Was to provide a Li 

metal secondary cell Wherein both the anode and the cathode 
comprise an integrated structure of conductive nano-?la 
ments With stabiliZed lithium particles dispersed in spaces 
betWeen nano -?laments in the anode and a cathode active 
material bonded to or coated on surfaces of the nano-?la 
ments. 

Yet another object of the present invention Was to provide 
a lithium-air cell that exhibits a high speci?c capacity, high 
speci?c energy, good resistance to dendrite formation, and a 
long and stable cycle life. 

Yet another object of the present invention Was to provide 
a lithium-air cell Wherein the anode comprises a nano-struc 
tured composition (integrated structure of conductive nano 
?laments and stabiliZed lithium particles) and the air cathode 
comprises an integrated structure of conductive nano -?la 
ments. The integrated structure, being highly conductive, can 
also function as a current collector, obviating the need to have 
a separate current collector at either the anode or the cathode 
side. Such a con?guration can signi?cantly reduce the over 
head Weights of a cell, thereby affording an ultra-high speci?c 
capacity and speci?c energy. 

SUMMARY OF THE INVENTION 

This invention provides a nano-structured anode composi 
tion for a lithium metal cell. The composition comprises: (a) 
an integrated structure of electrically conductive nanometer 
scaled ?laments (nano-?laments) that are interconnected to 
form a porous netWork of electron-conducting paths compris 
ing interconnected pores, Wherein the nano-?laments have a 
transverse dimension less than 500 nm (preferably less than 
100 nm); and (b) micron- or nanometer-scaled particles of 
lithium, a lithium alloy, or a lithium-containing compound 
Wherein at least one of the particles is stabiliZed or surface 
passivated and the Weight fraction of these particles is 
betWeen 1% and 99% relative to the total Weight of these 
particles and the integrated structure together. Also provided 
are a lithium metal cell (or battery) and a lithium metal-air cell 
(or battery) comprising such an anode. The battery exhibits an 
exceptionally high speci?c capacity, an excellent reversible 
capacity, and a long cycle life. 

Preferably, multiple conductive nano-?laments are pro 
cessed to form an integrated aggregate or Web structure, char 
acteriZed in that these ?laments are intersected, overlapped, 
or somehoW bonded (e.g., using a binder material) to one 
another to form a netWork of electron-conducting paths. The 
integrated structure has substantially interconnected pores 
that are intended for accommodating the electrolyte in a bat 
tery. The nano-?lament may be selected from, as examples, a 
carbon nano ?ber (CNF), graphite nano ?ber (GNF), carbon 
nano -tube (CNT), metal nano Wire (MNW), conductive nano 
?bers obtained by electro-spinning, conductive electro-spun 
composite nano-?bers, nano-scaled graphene platelet (NGP), 
or a combination thereof. The nano-?laments may be bonded 
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8 
by a binder material selected from a polymer, coal tar pitch, 
petroleum pitch, meso-phase pitch, coke, or a derivative 
thereof. 

It may be noted that Burton et al [Ref. 24] and Firsich [Ref. 
25] used carbon nano-?bers to support silicon coating 
obtained via chemical vapor deposition (CVD), but their 
applications Were related to lithium ion batteries, not lithium 
metal or lithium-air batteries. It Was the CVD silicon (not 
lithium) that Was the anode active material and no stabiliZed 
lithium particles Were used in their anodes. The instant appli 
cants, Zhamu and Jang, also disclosed a 3-D integrated struc 
ture either for supporting Si nano particles as an anode active 
material [Ref. 26] or for supporting lithium transition metal 
oxide or lithium transition metal phosphate as a cathode 
active material [Ref. 27]. HoWever, neither application Was 
directed at using stabiliZed lithium particles as the anode 
active material. In the anode structure of the instant invention, 
upon re-charging, essentially all the returning lithium ions are 
deposited onto the surface of the nano-?laments to form a 
nano-scaled coating. In contrast, the returning lithium ions in 
these earlier applications [Ref. 24-Ref. 26] Were mostly 
inserted into the Si coating layer or particles (causing volume 
sWelling of Si coating or particles), and electro-plating of 
lithium onto the ?ber surface Would have been considered 
undesirable for fear of dendrite formation. The applicants 
Were most surprised to observe no dendrite formation in the 
anodes of the instant lithium metal or lithium metal-air bat 
teries after a large number of discharge-charge cycles. 
An NGP is essentially composed of a sheet of graphene 

plane or multiple sheets of graphene plane stacked and 
bonded together through van der Waals forces. Each graphene 
plane, also referred to as a graphene sheet or basal plane, 
comprises a tWo-dimensional hexagonal structure of carbon 
atoms. Each plate has a length and a Width parallel to the 
graphite plane and a thickness orthogonal to the graphite 
plane. By de?nition, the thickness of an NGP is 100 nanom 
eters (nm) or smaller, With a single-sheet NGP being as thin as 
0.34 nm. The length and Width of a NGP are typically 
betWeen 0.5 pm and 10 pm, but couldbe longer or shorter. The 
NGPs, just like other elongate bodies (carbon nano tubes, 
carbon nano ?bers, metal nano Wires, etc.), readily overlap 
one another to form a myriad of electron transport paths for 
improving the electrical conductivity of the anode. Hence, the 
electrons generated by lithium during discharging can be 
readily collected. 
The ?lament is characterized by having an elongate axis 

(length or largest dimension) and a ?rst transverse dimension 
(smallest dimension, such as a thickness of an NGP or a 
diameter of a ?ber, tube, or Wire) Wherein the thickness or 
diameter is smaller than 100 nm and the length-to -diameter or 
length-to-thickness ratio is no less than 10 (typically much 
higher than 100). In the case of an NGP, the platelet has a 
length, a Width, and a thickness, Wherein the length-to-Width 
ratio is preferably at least 3. 
The integrated structure of the integrated anode composi 

tion preferably comprises a gradient structure. In other Words, 
When implemented in a lithium metal cell, the integrated 
structure comprises a gradient structure having a ?rst surface 
facing an anode collector and a second (opposed) surface 
facing a separator or cathode, Wherein the ?rst surface and the 
second surface have different nano-?lament compositions, 
different physical densities, or different levels of porosity. 
Preferably, there is a higher porosity level near the second 
surface With the porosity level tapering off to a loWer level 
near the ?rst surface. 
The active particles comprise lithium or lithium alloy par 

ticles that are surface-coated With carbon dioxide, ?uorine, 
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?uorine-containing compound, Wax, lithium oxide, lithium 
nitride, lithium chloride, lithium bromide, sodium chloride, 
potassium chloride, petroleum pitch, coal tar pitch, polymer, 
organic substance, or inorganic material. The particles may 
be spherical, ellipsoidal, ?lament-like or ?brous, Wire-like, 
cylindrical, or needle shape. The Weight fraction of these 
active particles is preferably greater than 50% and more pref 
erably greater than 90% based on the total Weight of these 
particles, the nano-?laments, and the binder together. 

Another preferred embodiment of the present invention is 
a lithium secondary battery comprising a positive electrode 
(cathode), a negative electrode (anode), and a non-aqueous 
electrolyte (or combined electrolyte and a separator) disposed 
betWeen the negative electrode and the positive electrode. The 
anode comprises a nano-structured composition composed of 
interconnected conductive nano-?laments having pores and 
stabiliZed lithium-based particles residing in these pores. 
The positive electrode may comprise a cathode active 

material selected from (a) lithiated transition metal oxides or 
sul?des, such as lithium cobalt oxide, lithium nickel oxide, 
lithium manganese oxide, oxides of multiple transition met 
als, TiS2, and MoS2; (b) lithium transition metal phosphates, 
such as lithium iron phosphate, lithium vanadium phosphate, 
lithium manganese phosphate, and lithium multiple transition 
metal phosphate; (c) sulfur-based materials, such as elemen 
tal sulfur, sulfur-containing molecule, sulfur-containing com 
pound, and sulfur-carbon polymer; or (d) a combination 
thereof. In items (a) and (b) above, the cathode active material 
may be selected from their un-lithiated versions (e.g., cobalt 
oxide, not lithium cobalt oxide) When a cell is made. After the 
?rst discharge operation, these materials Will become lithi 
ated (e.g., cobalt oxide becomes lithium cobalt oxide). 

There is really no limitation on the kind of cathode active 
material that can be used for practicing the present invention. 
For a lithium metal-air secondary cell, the cathode may com 
prise just a host material (no cathode active material other 
than oxygen from the air or an oxygen source). 

The cathode active material may be in a poWder form 
Which is bonded by a resin binder, along With conductive 
additives (such as carbon black or ?ne graphite particles). 
But, preferably, the same type of integrated, nano-structure of 
nano-?laments is used to host the cathode active material, 
Which can be in a poWder form in physical contact With the 
nano-structure or in a thin-?lm form coated onto a surface of 
the nano-structure. Hence, another preferred embodiment of 
the present invention is a lithium metal secondary battery that 
contains a positive electrode comprising (a) an integrated 
structure of electrically conductive nanometer-scaled ?la 
ments that are interconnected to form a porous netWork of 
electron-conducting paths comprising interconnected pores, 
Wherein the ?laments have a transverse dimension less than 
500 nm (preferably less than 100 nm); and (b) a cathode active 
material bonded to or in physical contact With the integrated 
structure. 

The electrolyte may be selected from the group consisting 
of polymer electrolyte, polymer gel electrolyte, solid-state 
electrolyte, composite electrolyte, soft matter phase electro 
lyte, and combinations thereof. In one preferred embodiment, 
a separator is used to support electrolyte and the separator is 
disposed betWeen an anode and a cathode to prevent the 
anode from contacting the cathode. At least a portion of the 
electrolyte is hosted by a separator. The separator typically is 
porous having pores therein to host at least a portion of the 
electrolyte. 

The present lithium metal secondary battery, if containing 
a sulfur-based cathode active material, can provide a speci?c 
capacity greater than 500 mAh per gram of the total battery 
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Weight including anode, cathode, electrolyte, and separator 
component Weights together. In many cases, the cell provides 
a speci?c capacity greater than 700 mAh per gram. These 
represent some of the best speci?c capacities ever reported for 
lithium ion, lithium metal, and lithium-air batteries. 
The present invention also provides a lithium metal-air 

battery comprising an air cathode, an anode comprising a 
nano-structured composition as de?ned above, and electro 
lyte, or electrolyte combined With a separator, disposed 
betWeen the anode and the air cathode. In the air cathode, 
oxygen from the open air (or from an oxygen supplier exter 
nal to the battery) is the primary cathode active material. The 
air cathode needs an inert material to support the lithium 
oxide material formed at the cathode. The applicants have 
surprisingly found that the same type of integrated structure 
of conductive nano-?laments used for the anode can also be 
used as an air cathode intended for supporting the discharge 
product (e.g., lithium oxide). This is advantageous since the 
same type of integrated structure can be used for both the 
cathode and the anode, thereby simplifying the battery fabri 
cation. 

Hence, a further embodiment of the present invention is a 
lithium metal-air battery, Wherein the air cathode comprises 
an integrated structure of electrically conductive nanometer 
scaled ?laments that are interconnected to form a porous 
netWork of electron-conducting paths comprising intercon 
nected pores, Wherein the ?laments have a transverse dimen 
sion less than 500 nm (preferably less than 100 nm). The same 
type of integrated structure is also used for the anode to 
support the stabiliZed lithium particles. 
The presently invented nano-structured material technol 

ogy has several major advantages, summarized as follows: 
(1) The stabiliZed lithium particles can be mixed With the 

nano-?laments to form a 3-D integrated structure in a 
real battery manufacturing environment since the stabi 
liZed lithium particles are relatively stable With respect 
to air and air-born moisture for a reasonable period of 
time. 

(2) During the ?rst discharge cycle, lithium ions are 
released from the stabiliZed lithium particles and trans 
ported through electrolyte (and a separator, if existing) 
to reach the cathode. The geometry, stiffness, and 
strength of the nano-?laments (e.g., CNF, CNT, metal 
nano Wire, and NGP), preferably bonded by a binder, 
enables the integrated 3-D structure to maintain its shape 
and dimension during this discharge and subsequent 
re-charge cycles. 

(3) During the ?rst re-charge operation, lithium ions move 
from the cathode back to the anode and deposit onto the 
surface of nano-?laments to form a lithium metal coat 
ing. Lithium no longer is formed into individual or iso 
lated particles. The nano-?laments selected in the 
present invention are chemically and thermo-mechani 
cally compatible With lithium, to the extent that the 
lithium coating maintains a good contact With its under 
lying substrate ?lament during repeated charge/dis 
charge cycles. It seems that the integrated aggregate or 
Web of ?laments, being mechanically strong and tough, 
is capable of accommodating or cushioning any strains 
or stresses imposed on the ?laments Without fracturing 
and Without changing its shape and dimension. 

(4) Most surprisingly, the nano-structure provides an envi 
ronment that is conducive to uniform deposition of 
lithium atoms, to the extent that no geometrically sharp 
structures or dendrites Were found in the anode after a 
large number of cycles. Not Wishing to be limited by any 
theory, but the applicants envision that the 3-D netWork 
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of highly conductive ?laments provide substantially 
uniform electric ?elds and, hence, uniform attraction of 
lithium ions back onto the ?lament surfaces during re 
charging. 

(5) The nano-structure With thin lithium coating is capable 
of quickly releasing lithium and thus capable of being 
discharged at a high rate. This is a highly bene?cial 
feature for a battery that is intended for high poWer 
density applications such as electric vehicles. 

(6) The interconnected netWork of ?laments forms a con 
tinuous path for electrons, resulting in signi?cantly 
reduced internal energy loss or internal heating. 

(7) The same type of integrated structure of conductive 
nano-?laments can be used as a support for cathode 
active material, signi?cantly simplifying the battery fab 
rication operations. 

(8) Traditionally, a lithium ion battery is manufactured 
With the cathode being pre-lithiated and the anode being 
free from lithium because un-stabiliZed lithium coated 
on graphite particles is highly sensitive to oxygen and 
moisture (not suitable for handling in the open air).Also, 
lithium intercalated graphite or carbon particles, even if 
available, Would be dif?cult to make and handle. Unfor 
tunately, some of the lithium that is transported to the 
anode during the ?rst charging cycle of a lithium ion 
battery is used to form a solid-electrolyte interface and 
other irreversible reactants. As a result, the amount of 
lithium available for shuttling back and force betWeen 
the anode and cathode (the amount that dictates the 
battery capacity) is signi?cantly reduced. Furthermore, 
such a practice of using a pre-lithiated cathode material 
is only applicable to a limited number of cathode active 
materials (e.g., transition metal oxide and lithium ion 
phosphate) and precludes several high-capacity cathode 
active materials (e.g., sulfur-based) from being used in a 
lithium ion battery. The lithium metal battery of the 
instant application is not subject to this limitation. The 
amount of the available lithium can be easily adjusted to 
account for any potential irreversibility in addition to the 
required amount to be incorporated in the cathode active 
materials. Furthermore, the anode composition as dis 
closed in the present application, if coupled With sulfur 
based cathode active material, can provide an overall 
battery speci?c capacity much greater than 600 mAh/ g 
(based on the total Weight of anode, cathode, electrolyte, 
and separator components) and can be even greater than 
1,000 mAh/ g. 

These and other advantages and features of the present inven 
tion Will become more transparent With the description of the 
folloWing best mode practice and illustrative examples. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 Schematic of a cylinder-shape lithium ion or lithium 
metal battery. 

FIG. 2 Schematic of a prior art lithium metal cell using a 
lithium foil as an anode structure. During the ?rst discharge 
cycle of the cell, lithium ions move to the cathode side, 
leaving behind an empty space, possibly disconnecting the 
current collector from the electrolyte-separator layer. Upon 
cycling, dendrites tend to be formed at the anode side. 

FIG. 3 Schematic of a lithium metal cell according to a 
preferred embodiment of the present invention. StabiliZed 
lithium particles 112 are dispersed in the pores of an inte 
grated 3-D structure 110 of conductive nano-?laments prior 
to the ?rst discharge cycle. Upon discharging, lithium ions 
move to the cathode side, but the 3-D structure stays to bridge 
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the anode current collector to the electrolyte-separator layer. 
Upon re-charging, lithium ions return to the anode side, natu 
rally depositing a thin layer of lithium onto the surface of 
conductive ?laments. 

FIG. 4 Schematic of an electro-spinning apparatus to pro 
duce nano-?bers. 

FIG. 5 Schematic of a roll-to-roll apparatus for producing 
a roll of mats or Webs from electro-spun nano-?bers. 

FIG. 6 Schematic of a roll-to-roll apparatus for producing 
a roll of mats or Webs from various conductive ?laments. 

FIG. 7 TWo series of cell speci?c capacity data, one for a 
LiiS cell featuring a nano-structured anode containing 
approximately 70% stabiliZed lithium particles and a cathode 
containing 36% active sulfur prepared in Example 6 and the 
other for a LiiS cell featuring a lithium foil anode and a 
cathode containing 36% active sulfur prepared in Compara 
tive Example 6. 

FIG. 8 Speci?c capacities of tWo lithium metal secondary 
cells featuring cobalt oxide as a cathode active material (one 
prepared in Example 8 and the other in Comparative Example 
8) plotted as a function of the number of charge-discharge 
cycles. 

FIG. 9 Cell speci?c capacity behaviors of tWo comparable 
LiiS cells (both With 70% active Li at the anode and 54% 
active sulfur at the cathode). One cell features a cathode 
prepared by physical vapor deposition of sulfur on the ?la 
ment surface of a nano-structured cathode (top curve, one of 
the cells fabricated in Example 7). The other cell features a 
cathode prepared by mixing elemental sulfur With carbon 
black and other additives, folloWed by coating the resulting 
paste on a stainless steel current collector (bottom curve). 

FIG. 10 Cell speci?c capacities of four lithium-air cells: 
Curve A:cell With a nano-structured anode containing stabi 
liZed Li particles and a nano-structured cathode (an integrated 
3-D mat of nano-?laments, also serving as a current collec 
tor); Curve B:cell With a lithium foil anode and a nano 
structured cathode (an integrated 3-D mat of nano-?laments, 
also serving as a current collector); Curve C:cell With a Li 
foil anode and a graphite poWder-Ni screen cathode structure 
(also serving as a current collector); and Curve D:cell With a 
nano-structured anode containing stabiliZed Li particles and a 
graphite poWder-Ni screen cathode structure. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

This invention is related to anode materials for high-capac 
ity lithium metal or lithium-air secondary batteries, Which are 
preferably secondary batteries based on a non-aqueous elec 
trolyte, a polymer gel electrolyte, a soft matter phase electro 
lyte, a solid-state electrolyte, or a composite electrolyte. The 
shape of a lithium secondary battery can be cylindrical, 
square, button-like, etc. The present invention is not limited to 
any battery shape or con?guration. 
As an example, a cylindrical battery con?guration is sche 

matically shoWn in FIG. 1. A cylindrical case 10 made of 
stainless steel has, at the bottom thereof, an insulating body 
12. An assembly 14 of electrodes is housed in the cylindrical 
case 10 such that a strip-like laminate body, comprising a 
positive electrode 16, a separator 18, and a negative electrode 
20 stacked in this order, is spirally Wound With a separator 
being disposed at the outermost side of the electrode assem 
bly 14. The cylindrical case 10 is ?lled With an electrolyte. A 
sheet of insulating paper 22 having an opening at the center is 
disposed over the electrode assembly 14 placed in the cylin 
drical case 10. An insulating seal plate 24 is mounted at the 
upper opening of the cylindrical case 10 and hermetically 
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?xed to the cylindrical case 10 by caulking the upper opening 
portion of the case 10 inwardly. A positive electrode terminal 
26 is ?tted in the central opening of the insulating seal plate 
24. One end of a positive electrode lead 28 is connected to the 
positive electrode 16 and the other end thereof is connected to 
the positive electrode terminal 26. The negative electrode 20 
is connected via a negative lead (not shoWn) to the cylindrical 
case 10 functioning as a negative terminal. 

The present invention provides a nano-structured anode 
composition for a lithium metal cell or a lithium metal-air 
cell. The composition comprises: (a) an integrated structure 
of electrically conductive nanometer-scaled ?laments (nano 
?laments) that are interconnected to form a porous netWork of 
electron-conducting paths comprising interconnected pores, 
Wherein the nano-?laments have a transverse dimension less 
than 500 nm (preferably less than 100 nm); and (b) micron- or 
nanometer-scaled particles of lithium, a lithium alloy, or a 
lithium-containing compound Wherein at least one of the 
particles is surface-passivated or stabilized and the Weight 
fraction of these particles is betWeen 1% and 99% relative to 
the total Weight of these particles and the integrated structure 
together. The battery featuring such an anode exhibits an 
exceptionally high speci?c capacity, an excellent reversible 
capacity, and a long cycle life. 

The stabiliZed lithium particles, being relatively stable or 
non-reactive With air or air-born moisture, are consistent With 
current lithium ion, lithium-air, or lithium metal battery pro 
duction procedures. In other Words, these stabiliZed particles 
can be mixed With the nano-?laments to form a 3 -D integrated 
structure in a real battery manufacturing environment. One 
can choose to form the 3-D structure (e. g. a Web or mat) ?rst 
and then adding the stabilized lithium particles into the pores 
of this 3-D structure. Alternatively, one can mix the nano 
?laments and stabiliZed lithium particles together to obtain a 
mixture, and then form the mixture into the integrated struc 
ture. These stabiliZed particles may comprise lithium or 
lithium alloy particles that are surface-coated With carbon 
dioxide, ?uorine, ?uorine-containing compound, Wax, 
lithium oxide, lithium nitride, lithium chloride, lithium bro 
mide, sodium chloride, potassium chloride, petroleum pitch, 
coal tar pitch, polymer, organic substance, or inorganic mate 
rial. 

The resulting nano-structure, When incorporated as an 
anode in a lithium metal battery or lithium metal-air battery, 
surprisingly shoWs very stable cycling behavior, having no 
non-uniform deposition of lithium or formation of dendrites. 
Dendrites have been commonly found in conventional 
lithium metal and lithium metal-air secondary batteries. 
As schematically illustrated in FIG. 2, a conventional 

lithium metal cell may be comprised of an anode current 
collector 100, an anode 102 comprising a lithium metal foil or 
coating, an electrolyte phase 104 (optionally but preferably 
supported by a separator, hereinafter referred to as the elec 
trolyte-separator layer), a cathode 106, and a cathode collec 
tor 108. During the ?rst discharge operation, lithium ions are 
released from the anode and moved to the cathode side, leav 
ing behind an empty space betWeen the anode current collec 
tor and a separator. This con?guration presents several chal 
lenging problems to the battery designer. First, there might be 
a gap or disconnection betWeen the anode current collector 
and the separator or electrolyte, disrupting the lithium depo 
sition process during re-charging of the battery. Second, there 
is limited conductive surface to accept depositing lithium ions 
because the front surface (facing the original lithium foil) of 
the anode current collector has a “relatively small surface 
area,” limiting the over-all speed of lithium deposition 
(hence, the battery cannot be re-charged at a high rate). Such 
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a “relatively small surface area” is With respect to the ultra 
high surface area provided by the nano-scaled ?laments that 
constitute the 3-D porous structure. Third, the planar geom 
etry of the anode current collector, disposed at a distance from 
the separator, tends to lead to non-uniform deposition of 
lithium during re-charging of the battery, resulting in the 
formation of dendrites. All these challenging problems have 
been solved by the presently invented nano-structured anode 
composition. 
As schematically shoWn in FIG. 3, the nano-structured 

anode is composed of a 3-D porous structure 110 of highly 
conductive nano-?laments having spaces or pores betWeen 
?laments to accommodate multiple stabiliZed lithium par 
ticles 112. During the ?rst discharge cycle, lithium ions are 
released from the stabiliZed lithium particles and transported 
through electrolyte (and a separator, if existing) to reach the 
cathode. The geometry, stiffness, and strength of the nano 
?laments (e.g., CNF, CNT, metal nano Wire, and NGP), pref 
erably bonded by a binder, enables the integrated 3-D struc 
ture to maintain its shape and dimension during this discharge 
and subsequent re-charge/discharge cycles. 
More signi?cantly, during the ?rst re-charge operation, 

lithium ions move from the cathode back to the anode and 
deposit onto the surface of nano-?laments to form a uniform 
lithium metal coating. Lithium no longer is formed into indi 
vidual or isolatedparticles. The nano-?laments selected in the 
present invention are chemically and thermo-mechanically 
compatible With lithium, to the extent that the lithium coating 
maintains a good and uniform contact With its underlying 
substrate ?lament during repeated charge/discharge cycles. 
Most surprisingly and signi?cantly, the nano-structure pro 

vides an environment that is conducive to uniform deposition 
of lithium atoms, to the extent that no geometrically sharp 
structures or dendrites Were found in the anode after a large 
number of cycles. Not Wishing to be bound by any theory, but 
the applicants envision that the 3-D netWork of highly con 
ductive nano-?laments provide a substantially uniform 
attraction of lithium ions back onto the ?lament surfaces 
during re-charging. This is an unexpected result that no prior 
art Worker has ever reported. 

Furthermore, due to the nanometer siZes of the ?laments, 
there is a large amount of surface area per unit volume or per 
unit Weight of the nano-?laments. This ultra-high speci?c 
surface area offers the lithium ions an opportunity to uni 
formly deposit a lithium metal coating on ?lament surfaces at 
a high rate, enabling high re-charge rates for a lithium metal 
or lithium metal-air secondary battery. 
The positive electrode (cathode) active materials are Well 

knoWn in the art. The positive electrode can be manufactured 
by the steps of (a) mixing a positive electrode active material 
With a conductive additive (conductivity-promoting ingredi 
ent, such as carbon black) and a binder, (b) dispersing the 
resultant mixture in a suitable solvent, (c) coating the result 
ing suspension on a cathode current collector, and (d) remov 
ing the solvent from the suspension to form a thin plate-like 
electrode. The positive electrode active material may be 
selected from a Wide variety of transition metal oxides (lithi 
ated or un-lithiated), such as manganese dioxide, lithium/ 
manganese composite oxide, lithium-containing nickel 
oxide, lithium-containing cobalt oxide, lithium-containing 
nickel cobalt oxide, lithium-containing iron oxide, lithium 
containing vanadium oxide, and various transition metal sul 
?des. Positive electrode active material may also be selected 
from chalcogen compounds, such as titanium disulfate or 
molybdenum disulfate. More preferred are lithium cobalt 
oxide (e.g., LiXCoO2 Where 082x21), lithium nickel oxide 
(e.g., LiNiOZ), lithium manganese oxide (e.g., LiMn2O4 and 
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LiMnOZ), lithium iron phosphate, lithium vanadium phos 
phate, and other lithium transition metal phosphate materials 
because these oxides and phosphates provide a high cell 
voltage and good cycling stability. 

It is of signi?cance to note that the cathode active material 
does not have to be in a lithiated state When a battery cell is 
made since the anode contains a source of lithium (those 
stabiliZed lithium particles). For instance, manganese oxide 
can be used, instead of lithium manganese oxide. This Would 
alloW a cell to contain a greater amount of cathode active 
material, Which usually has a signi?cantly loWer speci?c 
capacity than the anode active material and a cell Would 
require a much greater amount of cathode materials than 
anode. 
Of particular interest to the present invention is a cathode 

active material based on elemental sulfur or sulfur-containing 
molecule or compound, further explained as folloWs: 

To achieve high capacity in electric current producing cells 
or batteries, it is desirable to have a high quantity or loading 
of electrode active material in the cathode layer. For example, 
the volume of cathode layer in an AA siZe battery is typically 
about 2 cm3. If the speci?c capacity of the cathode active 
material is 200 mAh/ g, the amount or volumetric density of 
the cathode active material in the cathode layer Would need to 
be at least 500 mg/cm3 in order to have the 1 gram of cathode 
active material in the AA siZe battery necessary to provide a 
capacity of 200 mAh or 0.2 Ah. If the volumetric density of 
cathode active material in the cathode layer can be increased 
to higher levels (e.g., by reducing the non-active cathode 
materials such as conductive additives or binder materials), 
such as greater than 700 mg/cm3, the capacity of the battery 
can be proportionately increased to higher levels. Further, if 
the speci?c capacity of the cathode active material can be 
increased from 200 mAh/ g (e.g., for lithium cobalt oxide) to 
1,000 mAh/ g (e. g., sulfur-containing compound), then the 
capacity of an AA battery can be signi?cantly increased, 
given the same volume of cathode layer used. One particular 
goal of the research and development efforts that led to the 
instant application Was to achieve both the volumetric density 
and the speci?c capacity of cathode active materials for use in 
the present lithium metal cells. 

Sulfur and sulfur-based molecules or compounds are par 
ticularly desirable cathode active materials for use in practic 
ing the present invention. Lithium and sulfur are highly desir 
able as the electrochemically active materials for the anode 
and cathode, respectively, because they provide nearly the 
highest energy density possible on a Weight or volume basis 
of any of the knoWn combinations of active materials. To 
obtain high energy densities, the lithium can be present as the 
pure metal, in an alloy (in a lithium-metal cell), or in an 
intercalated form (in a lithium-ion cell), and the sulfur can be 
present as elemental sulfur or as a component in an organic or 
inorganic material With a high sulfur content, preferably 
above 50 Weight percent sulfur. For example, in combination 
With a lithium anode (theoretical speci?c capacity:3,861.7 
mAh/ g), elemental sulfur has a theoretical speci?c capacity of 
1,675 mAh/ g, and carbon-sulfur polymer materials With 
trisul?de and longer polysul?de groups in the polymer have 
shoWn speci?c capacities of 1,200 mAh/ g. These high spe 
ci?c capacities are particularly desirable for applications 
Where loW Weight and/or loW volume of the battery are impor 
tant, such as portable electronic devices and electric vehicles. 

In the present context, the term “carbon-sulfur polymer 
materials” refers to those carbon-sulfur polymers With car 
bon-sulfur single bonds and With sulfur-sulfur bonds forming 
trisul?de (iSSSi) and higher polysul?de linkages. These 
carbon-sulfur polymer materials comprise, in their oxidiZed 
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16 
state, a polysul?de moiety of the formula, iSmi, Wherein m 
is an integer equal to or greater than 3. For example, these 
carbon-sulfur polymer materials are described in Us. Pat. 
Nos. 5,601,947 and 5,529,860. Organo-sulfur materials With 
only disul?de groups typically shoW speci?c capacities in the 
range of 300 to 700 mAh/ g and are accordingly less desirable 
for those applications requiring high speci?c capacities. 

Those skilled in the art of battery design and fabrication 
realiZe that practical battery cells comprise, in addition to 
cathode and anode active materials, other non-electroactive 
materials, such as a container, current collectors, electrode 
separators, polymeric binders, conductive additives and other 
additives in the electrodes, and an electrolyte. The electrolyte 
is typically an aqueous or non-aqueous liquid, gel, or solid 
material containing dissolved salts or ionic compounds With 
good ionic conductance but poor electronic conductivity. All 
of these additional non-electroactive components are typi 
cally required to make the battery perform e?iciently, but 
their use effectively reduces the gravimetric and volumetric 
energy density of the cell. Therefore, it is desirable to keep the 
quantities of these non-electroactive materials to a minimum 
so as to maximiZe the amount of electrode active material in 
the battery cell. 

For the anode, the presently invented 3-D integrated struc 
ture can be made to contain a pore level as loW as 5% and as 

high as 95%, but preferably betWeen 10% and 90%, and more 
preferably betWeen 50% and 90%. A good proportion of 
stabiliZed lithium particles can be incorporated in the pores of 
the 3-D integrated structure as an anode. 

For a conventional cathode layer containing transition 
metal oxides as a cathode active material, these oxides typi 
cally have some electrically conductive properties and are 
typically microporous so that high levels of added conductive 
?llers are not required. With sulfur-based compounds, Which 
have much higher speci?c capacities than the transition metal 
oxides, it is dif?cult to obtain ef?cient electrochemical utili 
Zation of the sulfur-based compounds at high volumetric den 
sities because the sulfur-based compounds are highly insu 
lating and are generally not microporous. For example, U.S. 
Pat. No. 5,532,077 to Chu describes the problems of over 
coming the insulating character of elemental sulfur in com 
posite cathodes and the use of a large volume fraction of an 
electronically conductive material (carbon black) and of an 
ionically conductive material (e.g., polyethylene oxide or 
PEO) in the composite electrode to try to overcome these 
problems. Typically, Chu had to use nearly 50% or more of 
non-active materials (e.g., carbon black, binder, PEO, etc), 
effectively limiting the relative amount of active sulfur. Fur 
thermore, presumably one could choose to use carbon paper 
(instead of or in addition to carbon black) as a host for the 
cathode active material. HoWever, this conventional carbon 
?ber paper does not alloW a su?icient amount of cathode 
active material to be coated on the large-diameter carbon ?ber 
surface yet still maintaining a loW coating thickness, Which is 
required of a reduced lithium diffusion path length for 
improved charge/discharge rates and reduced resistance. In 
other Words, in order to have a reasonable proportion of an 
electrode active material coated on a large-diameter ?ber, the 
coating thickness has to be proportionally higher. A thicker 
coating Would mean a longer diffusion path for lithium to 
come in and out, thereby sloWing doWn the battery charge/ 
discharge rates. The instant application solved these chal 
lenging problems by using an integrated 3-D nano-structure 
of conductive nano-?laments to host the active sulfur. 
As opposed to carbon paper (often used as a host for 

elemental sulfur, conductive additives, ion conductors, and 
electrolyte) that Was composed of micron-scaled carbon 






















